Introduction
Saccharin was discovered by accident in 1879 by Constantin Fahlberg while working in Ira Remsen's laboratory at Johns Hopkins University (1) . Fahlberg was investigating the oxidation mechanisms of toluenesulfonamide, when a compound with which he was working accidentally splattered on his fingers. Fahlberg, seemingly not the most fastidious of individuals, failed to wash his hands adequately and as a consequence, while eating supper that evening he noted that his bread had a sweet taste which he traced to the chemical commonly known as saccharin (2) . In the intervening years, saccharin has been alternately castigated and approved for human use by various federal regulatory agencies. The controversy regarding the safety of saccharin for human consumption was well underway by 1890 (3) and has not appreciably abated in the intervening years. This melodrama has involved members of the scientific community, trade associations, legislative and regulatory authorities, the press, the public and even a president of the United States (2) . The most recent tempest was precipitated by the findings of a two-generation chronic bioassay which *Toxicology Research Division, Health Protection Branch, Health and Welfare Canada, Ottawa, Canada. has been dubbed the Canadian Saccharin Study (4) . This study, which was the third to use the twogeneration bioassay model suggested by the late Dr. Leo Friedman (5), had followed similar saccharin studies conducted at the Wisconsin Alumni Research Foundation (WARF) (6) and at the U.S. Food and Drug Administration (FDA) (7, 8) . The ensuing controversy gave rise to the publication of at least two books (9, 10) , numerous articles in the popular literature, a plethora of scientific activity, a large media blitz by several trade associations, as well as the convening of various panels and conferences to evaluate and discuss the human consumption of saccharin in light of these experimental results (11) (12) (13) (14) (15) (16) (17) (18) .
Early History
Some of the first toxicological tests with saccharin were reportedly conducted in France where diabetics received 5 g of saccharin per day for 5 months. No harmful effects were noted (19) . However, in 1890, the Commission of the Health Association in France decreed saccharin to be "harmful," and forbade its manufacture or importation. Several scientists, especially French hygienists, protested violently, attempting to refute the assertions that saccharin was a harmful chemical (3) .
In 1902, Germany placed a complete ban on the use of saccharin in all foodstuffs except foods intended for diabetics (20) . Also in 1902, Dr. Harvey W. Wiley formed his famous "poison squad" which consisted of young volunteers who ingested various foods and food additives to ascertain their effects upon man. One of the chemicals ingested by this group was saccharin (21) . Based on the findings of this study, Dr. Wiley attempted without success to block the commercial use of saccharin as a food additive (10) .
Subsequently, saccharin was banned in the United States during 1912 for use in soft drinks and foods because it was considered to be an adulterant. However, during World Wars I and II, sugar supplies became so limited that the ban on saccharin use was temporarily lifted (2) .
In 1959, under new standards of identity, the FDA allowed artificial sweeteners to be used in a variety of prepared foods which "should be used only by ... those who must restrict ..." their intake of sugar. Subsequently, foods containing artificial sweeteners were sold not only to people who had to either restrict their sugar consumption (diabetics) or who should avoid excessive caloric intake, but were also promoted as "nonnutritive" or "noncaloric" sweeteners for use by the general public (2).
Toxicology Studies
Prior to 1950, several toxicological studies of short and intermediate duration had been conducted with different species of laboratory animals and man (3, (22) (23) (24) (25) (26) (27) (28) (29) (30) . The first chronic/carcinogenic bioassay using saccharin was undertaken by Fitzhugh et al. (31) . They conducted a two-year feeding study in which rats received a control diet (7M, 9F) or diets containing 1.0% (1OM, 10F) or 5.0% sodium saccharin (9M, 9F). Saccharin had no apparent effect upon mortality, hematology or organ weights (liver, kidney and spleen), but did result in a slight growth depression in the 5% group. The only significant pathological change was observed in the 5% group, where seven animals (sex unspecified) had thoracic lymphosarcomas; four of these seven rats had abdominal lymphosarcomas as well, which the authors stated was unusual even though the strain of rats used were known to have a high spontaneous incidence of lymphosarcomas. The urinary bladder was not examined histologically. The evaluation of the pathological changes observed in this study is even today a matter for debate (13, 19) .
During the sixties a second chronic/carcinogenicity bioassay was conducted by Lessel (32) , who fed groups of 20 male and 20 female rats diets containing 0, 0.005, 0.05, 0.5 or 5.0% saccharin for 2 years. Another group received 1 mL of a 1% solution of trypan blue SC every 2 weeks for 1 year as a positive control. In the 5% and trypan blue groups, mortality was higher than in the controls. Retardation of growth was observed in both sexes receiving the 5% diet despite a greater feed consumption. One female and four male rats in the 5% saccharin group had bladder calculi and another male had kidney calculi. The female rat with calculi had an extensive transitional cell papilloma of the bladder while another 5% female without calculi had hyperplasia and a papilloma. No evidence of nematodes was found.
In 1969, the use of the artificial sweetener cyclamate as a food additive was banned. It therefore was anticipated that the consumption of saccharin would increase significantly. Consequently, ten additional one-generation chronic/carcinogenic bioassays were undertaken using the rat, mouse and hamster in such countries as Canada, Germany, Great Britain, Japan and the United States (11) . None of these studies indicated toxicological consequence of a nature sufficient to initiate regulatory action.
The one-generation rat feeding study performed in Canada was conducted by Munro et al. (33) and to quote the U.S. NRC report dealing with the safety of saccharin and sodium saccharin in the human diet, this "... test was carried out with exceptional care" (34) . In this study, groups of 60 male and 60 female weanling Charles River rats were fed semipurified diets with daily dosages of 0, 90, 270, 810 or 2430 mg of sodium saccharin/kg body weight for 26 months (2500 mg/kg body weight is approximately equivalent to 5% in the diet). Additional saccharin was added to each diet to compensate for a moisture content of 1.4%, and the diet was analyzed for several potential contaminants. The animals were observed daily for clinical signs of toxicity and periodic cytological examinations of the urine were conducted for the parasite Trichosomoides crassicauda or its ova, of which none were detected.
Five bladder tumors were observed in the test animals. In addition, three animals had grossly visible bladder calculi, and 67 other animals were found to have bladder calculi which were small enough to pass through the urethra. The authors concluded that neither the presence of bladder calculi nor the saccharin treatments were associated with the presence of bladder tumors. Various panels (11, 34) and individuals (10) (5) suggested that "no-effect dose levels be specifically defined to include that period of an animal's lifetime from conception to sexual maturity." This suggestion gave rise to the twogeneration chronic/carcinogenic bioassay as we know it today.
The first two-generation bioassay in which saccharin was fed, was conducted under contract at the Wisconsin Alumni Research Foundation (WARF). This study (6) had groups of 20 male and 20 female Sprague-Dawley rats being fed diets containing 0.0, 0.05, 0.5 or 5.0% sodium saccharin produced by the Remsen-Fahlberg procedure for 14 weeks prior to mating, as well as during mating and lactation. Following weaning, the Fo generation was killed and the F1 generation was weaned onto their parents' diet, which they consumed until the study was terminated 100 weeks later. Thus, the F, generation animals were exposed to saccharin and its impurities during gestation, throughout lactation via the dam's milk and for the remainder of their lifetime via the diet.
The authors reported that saccharin had no remarkable effects upon the reproductive indices, excepting a depressed pup body weight in the 5.0% group at weaning. However, after the F1 generation had been on test for 13 weeks post-weaning, the growth curves were similar in all groups for the balance of the study. Neither feed consumption nor survival was affected by treatment, and the observed hematological changes were considered to be the result of age and poor health rather than treatment. The authors suggested that the incidence of tumors was apparently increased by the consumption of the 5.0% diet. The incidence of squamous cell carcinomas of the uterus and transitional cell carcinomas of the urinary bladder, were seen exclusively in the treated groups, with higher incidence at higher dosage levels.
This study apparently was the first chronic study undertaken using the two-generation animal model, which likely enhanced the chances that its results would be critically evaluated and the deficiencies of this experimental model emphatically pointed out. While the U.S. NRC (34) panel recognized the important implications of using an animal model system for testing wherein transplacental exposure was used, experience and information was limited regarding: (a) the dose level to which the fetus was exposed; (b) the developmental stages during organogenesis; (c) the metabolic capacity of the fetus; (d) the immune competency of the fetus; and (e) factors related to fetal pharmacology. Additionally, the panel went on to point out that factors such as urinary tract stones and parasites, which are known to cause bladder tumors in rats, were not ruled out as causative agents in this study.
After the U.S. Food and Drug Administration (FDA) had an opportunity to review the results of this study, saccharin was removed from the Generally Recognized as Safe (GRAS) food additive list. This action had the legal force of allowing a future ban on saccharin if there was any question of saccharin's safety as a food additive (36) .
The second two-generation saccharin feeding study was conducted by the FDA between 1970 and 1972 as a combination three-generation reproduction study and two-generation chronic feeding study. An interim report was presented at the annual Society of Toxicology meeting in 1974 (7), but a final report did not appear until 1980 (8) .
The experimental design consisted of groups of 10 male and 20 female Sprague-Dawley rats being fed diets containing 0.0, 0.01, 0.1, 1.0, 5.0 or 7.5% sodium saccharin, or 1.51% sodium carbonate (giving a sodium ion concentration equivalent to 5.0% sodium saccharin). Another group was fed a diet containing 5.0% calcium cyclamate, which was fed as a reference compound. A sufficient number of animals were randomly selected from the F1 litters to give a total of 48 males and 48 females per test group. Interim sacrifices of four animals/sex/group were made at 14 months and five animals/sex/group at 18 months; but these rats were not part of the original 48 animals/group. The first generation animals were killed after they produced a second litter.
The authors reported that treatment did not have any apparent effect on hematological values, organ weights, or survival and that birth weights of rats ingesting 5.0 or 7.5% saccharin or 5.0% cyclamate were depressed versus controls. Although some of the initial weight differences were overcome, these animals had lower body weights throughout the study. There were several significant decreases in average and relative organ weights, expressed as percentage of body weight, which the authors attributed to decreases in body weights. Additionally, there were no dose-or timerelated trends in these results when the data from the serial sacrifices were included in the analysis. The most significant pathological findings included nine urinary bladder neoplasms in the 7.5% group (7 males, 2 females), one in the 5.0% group (male) and one in a control male. Three sections of each bladder (dome, midpoint and bladder neck) from rats that were on test for more than 18 months, were examined histologically for evidence of the bladder parasite Trichosomoides crassicauda. No parasites were found, and the authors concluded that the parasites did not contribute to the development of the observed bladder neoplasms. Additionally, the authors concluded that the incidence of gross calculi was not associated with the observed neoplasms.
The authors also pointed out that several pathologists or groups of pathologists ineependently reviewed tissue sections from the bladder, and while some differences in diagnosis did occur, the reviewing groups confirmed that there was a significant increase in urinary bladder neoplasms in the group receiving 7.5% sodium saccharin.
This study was also criticized along the same lines as was the WARF study. In addition, the U.S. NRC (34) panel suggested that the maximum tolerated dose (MTD) may have been exceeded for the 5.0 and 7.5% dose groups due to the body weight suppressions. While the panel commended the inclusion of a group to ascertain what effect the high dietary sodium levels attributable to the inclusion of 5.0% sodium saccharin in the diet might have upon metabolic disposition, they questioned whether or not carbonate was an appropriate anion.
Before getting into the details of the third twogeneration study, which was conducted by the Canadian Health Protection Branch, it is appropriate to point out some of the events happening outside the animal laboratory and their role in the design of this study.
The inability of saccharin to induce a significant tumorigenic response in any one of the one-generation feeding studies, including the one conducted by Munro et al. (33) , was consistent with the findings of a number of epidemiological studies that were published in the early seventies (37) (38) (39) . Additionally, the high dosages of saccharin required to elicit bladder tumors in the two-generation studies, as well as the apparent predilection for the second generation males, resulted in more questions than answers for the toxicological problem being studied. These findings suggested that an impurity in saccharin might be responsible for the observed tumorigenic effects. Studies conducted in the Health Protection Branch laboratories indicated that o-toluene sulfonamide (o-TS) was the major impurity in all of the saccharin samples used in the various long-term feeding studies (40) (41) (42) . The concentrations of o-TS ranged from 118 to 6100 ppm in these samples (43) which were all produced by the Remsen-Fahlberg method. These and other observations led to the hypothesis that o-TS, a known inhibitor of carbonic anhydrase (44, 45) , the enzyme involved in the acidification of urine (46) , would increase the excretion of bicarbonate. This action could produce an alkaline urine, predisposing the animal to urolithiases in the kidneys and bladder. Irritation from these stones over a long period of time could produce hyperplasia and ultimately tumors (43) . A correlation between bladder stones and bladder tumors had previously been found for several experimental situations (47) .
As a partial test of his hypothesis, a study was conducted wherein groups of 24 to 27 untreated Sprague-Dawley female rates were mated on a oneto-one basis with untreated males. On day one of pregnancy, the pregnant females were given the first of 43 daily doses of o-TS (dosage levels: 0, 40, 100 or 250 mg o-TS/kg/day) in corn oil via gavage. The pups were then weaned onto diets containing sufficient amounts of a o-TS to provide the same dose levels as received by their respective dams. Three interim kills and a final kill, when the pups were 105 days old, were performed, at which time the incidence of renal calculi, bladder calculi and histopathological bladder calculi in 21-day-old rats (unsexed) and in 105-day-old male and female rats (48) . These findings lent support to the preceding hypothesis.
Health Protection Branch scientists thus proposed that an additional two-generation chronic feeding study be undertaken to more fully test the preceding hypothesis. The initial protocol for this study called for groups of rats to be fed either a standard commercial chow diet or one containing graded levels of o-TS. In addition, ammonium chloride was to be added to the drinking water of one of the highest o-TS dosed groups to prevent the formation of an alkaline urine (47, 49) . Comments on this experimental protocol were solicited from other regulatory agencies and a number of internationally recognized toxicologists, as well as from several industrial organizations.
Prior to the start of this study, a quantity of saccharin produced by the Maumee procedure became available. This method of saccharin production results in no detectable levels of o-TS and the total amount of impurities is less than the Remsen-Fahlberg procedure (4, 50) . This saccharin was fed to an additional group of rats at a level of 5% in the low diet, a level comparable to the highest dose used in the WARF two-generation study as well as several conventional one-generation studies (11) . In keeping with the above hypothesis, the latter group was included as a "negative" control group.
The raised by these reviewers have subsequently been answered with the publication of this study. Generally speaking, the shortcomings previously referred to regarding two-generation chronic bioassays are also applicable to this study. Unfortunately, many of the criticisms of this experimental model are no closer to being answered today than they were at the time the WARF study was conducted (11, 34, 53) . The other major criticism of this study, which was also applicable to the high saccharin dosages used in the FDA study, was that the MTD would appear to have been exceeded. While several guidelines for the conduct of chronic/carcinogenicity bioassays as well as the NCI (54) and IARC (55) guidelines suggest that a weight differential greater than 10% between the control and treated groups indicates that the MTD has been exceeded, it has been pointed out that there was generally a greater growth differential between control and female rats receiving high dosages of saccharin than there was for the male rats in the various saccharin bioassays (11) . Furthermore, there has not been any substantial scientific evidence presented to support the contention that a weight suppression of 10% or greater renders the animal more or less susceptible to carcinogenic responses. However, evidence has existed for many years that caloric restriction and overnutrition/obesity appear respectively to decrease and increase the incidence of spontaneous tumors (56) .
While the evidence from this two-generation study clearly indicated that o-TS did not have any carcinogenic potential in this model system, Schmiihl (57) reported that o-TS may possibly have a weak carcinogenic effect. His study consisted of groups of 38 male and 38 female Sprague-Dawley rats, 3 months of age, fed diets containing 0, 20 or 200 mg o-TS/kg body weight for the remainder of their lifetimes. The incidence of bladder carcinomas and bladder papillomas was 0, 0, 1 and 0, 3, 4, respectively. The carcinoma was observed after 759 days (days on test presumably) and the four benign tumors were found after 861, 877, 878, and 996 days. In the 20 mg/kg group the papillomas were detected after 539, 766 and 873 days.
Since Schmihl (57) did not mention the presence of bladder parasites as he had with a previous study (58) , or bladder calculi, it might be presumed that neither of these possibilities was involved in the production of the observed bladder lesions. Consequently, except for the possibility of a difference in purity of the test chemical, it is not possible at this time to determine the cause of this apparently conflicting result.
Recently, as a component of a larger study, Hooson et al. (59) administered o-TS in the drinking water or diet to groups of 63 or 50 female Wistar SPF weanling rats, respectively, at a level equivalent to 70 mg/kg. No evidence of bladder hyperplasia or neoplasia was observed. One possible contributory factor to these variable findings was suggested by the authors when they were discussing interpretation of certain bladder lesions in the rat. They suggested that part of this problem may be attributable to the absence of a universally accepted system for classifying rat bladder neoplasia, assessing invasion of the underlying connective tissue, as well as incomplete knowledge regarding the behaviour of such proliferative lesions. While there is evidence that the bladder neoplasia induced by a variety of carcinogens are often preceded by hyperplastic lesions that are papillary or nodular in their growth pattern, it is possible that such lesions are not progressive, or may even be reversible, in some situations. Unfortunately, reversible or irreversible hyperplasias cannot be distinguished histologically (59) .
Observations and Comments
To evaluate and compare studies undertaken with the same substance, requires detailed information concerning the design, conduct, parameters monitored, how monitoring was performed, and analytical and statistical procedures. Very seldom is this information provided with appropriate detail in journal articles. Nevertheless, Taylor and Morgenroth (60) attempted to undertake such an exercise using five different studies in which saccharin was fed to rats. Based on the information available to them, they concluded that: it was not likely that the strain of rat had a role in the increased incidence of bladder tumors; the basal diet did not appear to be a factor in the experimental observations; a dose level of 5% sodium saccharin or greater is needed in addition to in utero exposure to produce bladder tumors; the amount of o-TS contamination was not a factor in the findings of bladder lesions; and the bladder parasite, Trchosomoides crassicauda apparently was not involved in the findings of the various saccharin studies.
Based on the data currently available, Taylor and Morgenworth may be correct in their conclusion that a dose level of 5% sodium saccharin is required to elicit bladder tumors. However, it should be pointed out that until the industrially sponsored two-generation saccharin feeding study, currently in progress at the International Research and Development Corporation, Mattawan, Michigan, was initiated (16) , dose levels between 1 and 5% sodium saccharin have never been fed to rats during a chronic/ carcinogenicity bioassay. For a substance such as saccharin, which only elicits a relatively low incidence of bladder lesions when fed at a dietary level of 5% and requires a latent period of approximately two years, one might not expect an appreciable incidence of bladder lesions attributable to saccharin at dietary levels of 1%, unless the number of test animals in the group exceeds 50 and the survivability after two years on test is excellent. The experimental design of the aforementioned industry-sponsored study does include increasing the number of animals in each test group as the doses are lowered (16) . Consequently, this study may well provide evidence that saccharin will elicit bladder tumors in male offspring at dose levels below 5% using the two-generation model.
Before proceeding, a few additional comments concerning the conclusions of Taylor and Morgenroth (60) are not impertinent. All three of the twogeneration saccharin feeding studies and the two one-generation feeding studies conducted by Munro et al. (33) and by Homburger (61) , all used SpragueDawley rats. While the latter two studies were considered to be negative, it has been suggested it may be "more prudent to conclude that these studies were not conducted adequately than that they were negative" (11) . In retrospect, based primarily on the first-generation findings of the two-generation HPB study, and the observation of Fukushima and Cohen (62), there appears to be some evidence to suggest that the one-generation studies were either not sensitive enough to detect the carcinogenic potential of saccharin, in part attributable to the age of the animal when the study was initiated, or the procedures used to evaluate the pathological changes of the bladder and urinary tract elicited by saccharin were not appropriate. A countering argument is that the statistically significant (p > 0.03) increased incidence of bladder tumors seen in the first generation of the two-generation HPB study (4) 
Concluding Remarks
Any review of the toxicological data concerning saccharin would convince any skeptic that saccharin is one of the most thoroughly tested food additives ever consumed. However, as the adage goes, the more one knows the more one realizes how much one does not know. One of the biggest questions that still confronts the scientific and regulatory communities regarding saccharin is the precise mechanism by which saccharin elicits bladder tumors in laboratory rats. While the scientific community has dubbed saccharin an epigenetic (64) or secondary carcinogen (65) , the North American regulatory agencies currently do not distinguish between electrophilic carcinogens and those which elicit tumors by any other mechanism. However, as pointed out by Truhaut (65) , it should be possible to establish a threshold or no-effect level for chemicals that produce tumors by mechanisms other than electrophilic interaction with cellular macromolecules.
The strongest evidence that saccharin is a carcinogen involves the two-generation bioassay model, regarding which there is limited experience and which raises many questions to which answers presently do not exist (13, 34, 53) . While some may view the two-generation bioassay as a more sensitive analytical tool for toxicological testing and/or a very practical toxicological testing model, particularly regarding saccharin, our experience with hexachlorobenzene in the two-generation bioassay (Arnold et al., unpublished data) does not suggest that it is more sensitive per se, particularly regarding cancer. However, studies presently underway in the United States regarding the testing of a number of food colors using the two-generation bioassay, will provide a better insight into this question.
The role which impurities may play in the toxicological effects observed as a result of exposure to saccharin, cannot be completely dismissed. However, there is no compelling evidence that the levels of impurities normally found in commercial saccharin (66) contribute to the observed carcinogenicity of saccharin. The fact that several batches of RemsenFahlberg-produced saccharin were used in the twogeneration WARF (6) and FDA (7, 8) studies, while Maumee-produced saccharin was used in the HPB study (4) , would support such a conclusion. If an impurity were responsible for the carcinogenic effect of saccharin, it would have to be an extremely potent bladder carcinogen.
Saccharin is not metabolized to any significant extent (67) (68) (69) (70) (71) , if at all (72) (73) (74) (75) (76) ; it is nucleophilic (64) and does not bind to rat liver or bladder DNA (77), but it does suppress primary humoral antibody production in the rat (78) . At dosages of 5% and above, several pharmacokinetic changes are also induced in the rat (79) . Saccharin, therefore, probably does not act as a typical chemical carcinogen according to the theory that most, if not all, ultimate carcinogens are strong electrophilic agents. (80) . Consequently, we had initially proposed that it was possible that saccharin administered at the dietary level used in the two-generation studies may have elicited bladder tumors by some type of physical mechanism. While there was some initial support for this suggestion (4) , subsequent studies in our laboratory were not supportive of such a hypothesis (16) . Several of the subsequent authors will discuss evidence for other possible mechanisms by which saccharin may give rise to tumors.
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